We report a high-throughput (HTP) nuclear magnetic resonance (NMR) method for analysis of media components and a metabolic schematic to help easily interpret the data. Spin-lattice relaxation values and concentrations were measured for 19 components and 2 internal referencing agents in pure and 2-day conditioned, hormonally defined media from a 3-dimensional (3D) multicoaxial human bioartificial liver (BAL). The 1 H NMR spectral signal-to-noise ratio is 21 for 0.16 mM alanine in medium and is obtained in 12 min using a 400 MHz NMR spectrometer. For comparison, 2D gel cultures and 3D multicoaxial BALs were batch cultured, with medium changed every day for 15 days after inoculation with human liver cells in Matrigel-collagen type 1 gels. Glutamine consumption was higher by day 8 in the BAL than in 2D culture; lactate production was lower through the 15-day culture period. Alanine was the primary amino acid produced and tracked with lactate or urea production. Glucose and pyruvate consumption were similar in the BAL and 2D cultures. NMR analysis permits quality assurance of the bioreactor by identifying contaminants. Ethanol was observed because of a bioreactor membrane ''wetting'' procedure. A biochemical scheme is presented illustrating bioreactor metabolomic footprint results and demonstrating how this can be translated to modify bioreactor operational parameters or quality assurance issues.
INTRODUCTION H
IGH-THROUGHPUT (HTP) nuclear magnetic resonance (NMR) spectroscopic analysis of media provides an unbiased determination of biochemical concentrations, permitting culture protocol modifications to be implemented rapidly for optimizing culture conditions. [1] [2] [3] In combination with multivariate statistical methods, 4 this analytical method provides robust characterization of phenotypes for tissue engineering. Unlike other analytical methods such as mass spectrometry, NMR spectroscopy does not require extensive sample preparation and is innately quantitative, resulting in unbiased analyses. This makes NMR spectroscopy one of the most powerful analytical techniques available for metabolic profiling. The global profiles are also valuable from a quality control perspective, which is particularly important for tissue engineering because of the multitude of operational parameters and potential for human error and contamination. This is especially true for engineered bioartificial liver (BAL), in which clinical liver assays are used to characterize degrees of liver function and differentiation. There is a need for a more-robust method of reporting the hepatic phenotype of BALs. 5 Metabolomic analysis fills this requirement. 6 The state-of-the-art method to quantify concentrations in media is high-performance liquid chromatography coupled with mass spectrometry. [7] [8] [9] Media component analysis using 1 H NMR spectroscopy has been attempted since the 1980s [1] [2] [3] [10] [11] [12] but has never been widely accepted, probably because of the lower sensitivity of NMR. Now with high-field NMR spectrometers more common and development of multivariate statistics for metabolomics, 13, 14 the unbiased nature of NMR makes it perhaps one of the most useful techniques for phenotyping tissues, especially for 3-dimensional (3D) tissue constructs in tissue engineering, because it simultaneously provides quality assurance. Although direct analysis of the tissue can be performed, the bioreactor dimensions must conform to existing NMR hardware, 15 or the NMR hardware must be built around the bioreactor 16 in a similar fashion as the NMR/magnetic resonance imaging analysis of human tissues. Medium analysis serves a similar function as analyzing the central compartment, or blood, of a human. Two different metabolic profiles provide the distinctions between the compliment of metabolites within the cells-''the fingerprint''-and from those outside the cells-''the footprint.'' 17 The fingerprint and footprint are tissue specific and depend on the degree of metabolic differentiation, resulting from the number and capacity of the various transporter, signaling, and enzymatic pathways.
The same problems associated with NMR spectroscopic analysis of serum apply to culture media, including differences in spin-lattice relaxation (T 1 ) values due to nonspecific protein binding resulting in inaccurate determination of concentrations. 18 The T 1 values have not been reported for components in culture media and are necessary to ensure accuracy of the NMR-derived concentrations. 3 Therefore, a HTP NMR method has been optimized considering the T 1 values of medium components. In addition, the sample preparation conditions were optimized and the spectral parameters identified to obtain 1 H NMR spectra of media within 12 min and using spectral integration to easily convert peak areas to metabolite concentrations. To demonstrate the application of the HTP NMR method to optimizing tissue culture protocol, we applied the method to development of a commercially available BAL. 19, 20 
METHODS

Materials
NMR supplies were purchased from multiple vendors. The 5-mm tubes, alanine, glutamic acid, glucose, valine, methionine, sodium citrate, and imidazole were purchased from Sigma Chemical company (St. Louis, MO). Deuterium oxide, sodium formate, and 3-(trimethylsily)propionic-2,2,3,3-d 4 acid were purchased from Cambridge Isotope Laboratories (Andover, MA), Alfa Aesar (Ward Hill, MA), and Isotec Inc. (Miamisburg, OH), respectively. Bioreactor end pieces were machined from polypropylene tube (1" diameter) and assembled as previously described. 19 Bioreactor life support units have been described previously. 
BAL inoculation, medium, and medium collection
The human 3D BAL studies were performed at the ADMET Technologies Inc. (Research Triangle Park, NC) laboratory using their patented multicoaxial bioreactor 21 and their primary human liver cells, UMIX, as described on their Web page (http://www.admettechnologies.com/). Liver cells were mixed with a 1:1 collagen-to-Matrigel mixture (vol:vol) and inoculated at a density of 10 7 cells/mL. The medium was a hormonally defined recipe, Kubotas media 22 using Dulbecco's modified Eagle medium as the basal medium (Mediatech 17-205-CV, Herndon, VA). The medium was changed in batch mode the day after inoculation and then every 2 days thereafter and placed in a À808C freezer until analysis, at which point it was thawed. Flow rates through the BAL were 5 mL/min, and oxygen concentration was 95%, as described by McClelland and Coger. 23 
2D Culture of UMIX
Hepatocytes obtained from a single human liver were cultured immediately after isolation using the same cell and matrix mix as described in the above ''methods'' section, was plated on a precoated 6-well collagen type I plate (Becton Dickinson, Franklin Lakes, NJ) at a 1.25-mL volume per well, or 12.5 million cells. The cell and matrix solution was placed in a 378C humidified incubator with 5% carbon dioxide for 1 h to gel. Medium was then added to the culture at a volume of 2 mL per well. Medium was changed 24 h after plating and every other day thereafter for all cultures. Figure 1 shows the multicoaxial bioreactor with all of the ports identified (left) and the bioreactor incorporated into the life support system (right). The bioreactor is placed inside an incubator with the reservoir, pump, and various tubings. The gas is composed of oxygen:carbon dioxide (95:5), and the gas line is inserted through the side of the incubator and attached directly to the bioreactor, dead-ending at the reservoir, which vents through a 0.2-mm-pore polypropylene air filter. The temperature of the incubator is 378C.
3D Culture of UMIX
Optimization of NMR pulse sequence for quantification of medium components Four pulse sequences were compared for maximum signal-to-noise ratio, the 1 H 1-pulse with presaturation using 458 and 908 flip angles with delay of 5-fold T 1 , a T 2 -weighted Carr-Purcell-Meiboom-Gill (CPMG), and a T 1 -weighted 1D nuclear Overhauser effect spectroscopy (NOESY). A 1-pulse sequence with a 4 s presaturation pulse was used with a sweep width of 4406.2 Hz and 32K complex data points, resulting in an acquisition time of 3.72 s. The 1-pulse sequence used a 458 or a 908 flip angle with a 18.88 s or a 41.28 s interpulse delay and a total repetition time of 22.5 s or 45 s, respectively. A total of 32 transients were obtained, resulting in 24 min per spectrum. For accurate comparison, the same parameters used for the 1-pulse sequence were used for the CPMG and 1D NOESY, with addition of a 40-ms and 100-ms interpulse delay and mixing time, respectively. For determining T 1 values for multiple medium components and internal standards, an inversion recovery sequence was used, with the longest interpulse delay of 60 s. One pure medium sample and one ''conditioned'' medium sample were prepared with 8.15 mM formate, 25 mM citrate, 143 mM imidazole, and 890 mM 3-trimethylsilyl[2,2,3,3-D4]-propionate (TSP). The longest T 1 value was 8.3 s for the concentration standard formate; this value was used to calculate repetition times to ensure that fully relaxed spectra were obtained. These compounds were used to observe effects of T 1 and T 2 on peak areas, whereas citrate and imidazole served to measure paramagnetic cation concentrations 24 and pH, respectively. Sensitivity comparisons of the various pulse sequences were made by calculating the signal-to-noise ratio using 1D NMR Processor 8.0 (Advanced Chemistry Development, Toronto, Ontario, CA).
H NMR analysis of medium
Samples were made from 540 mL of medium and 60 mL of deuterium oxide containing 8.9 mM TSP and 81.5 mM formate (final sample concentrations 890 mM and 8.15 mM, respectively). Because TSP binds to proteins, resulting in significant peak broadening 18 , formate was added as a second concentration standard to validate the effect of TSP binding to albumin in the media. A 1-pulse sequence was used with a 908 flip angle and 45-s repetition time, using the parameters described above. To minimize NMR analysis and create a HTP analysis, 16 transients resulted in a sufficient signal-to-noise ratio for the 19 peaks measured in the medium, resulting in 12-min spectra. Mean signal-tonoise for 16 randomly selected samples taken from the a-C1-spectral set was determined to be 136.74 AE 43.57 for the glucose peak at 5.25 ppm, which represents a range of concentration for the samples of between 12 and 20 mmol. In combination with 3 min for robotic sample changing and gradient shimming, each sample can be analyzed in 15 min. The free induction decays (FIDs) were processed with a 0.5 Hz exponential, zero-filled to 64K data points, and Fourier transformed into the frequency domain.
Absolute sample concentrations were determined using area under curve (AUC) for selected metabolite peaks normalized to formate concentration and adjusted for the proton number associated with the peak of interest. Consumption and production rates were calculated as the millimolar difference between the 2-day medium changes divided by the number of remaining viable hepatocytes inoculated in the BAL or 2D culture dish per hour. Evaporation differences were corrected by normalizing formate concentrations and applying correction factors to all constituents within each individual 2-day sample.
Validation and accuracy of the HTP NMR method
To validate the NMR method and determine the accuracy, 1 H NMR quantification of 5 analytes were compared with gravimetric analysis using a balance Mettler Toledo XS205 (Mettler Toledo Inc., Columbus, OH). The accuracy of the balance was used in determining the accuracy of the gravimetric method. The NMR standards (TSP, imidazole, and formate) and analytes (alanine, glutamic acid, glucose, valine, and methionine) were lyophilized overnight to eliminate moisture, which is particularly common in the southeastern United States. Concentrations at 100Â the medium recipe for alanine (5 mM), glutamic acid (1.3M), glucose (1.9 M), valine (45.2 mM), and methionine (11.6 mM) were made in 10-mL volumetric flasks. These analytes were chosen because they gave a range of concentrations and spectral resolution. Two samples of 2-day conditioned medium obtained on day 11 of culture from the 2D and 3D cultures were used for the study. Sample 1 was used to determine the amount of formate in the 2D and 3D media, and it was composed of 540 mL of medium and 60 mL of deuterium oxide containing 8.9 mM TSP and 81.5 mM imidazole. To determine the accuracy of the NMR method, Sample 2 was composed of 400 mL of sample 1, 80 mL of deuterium oxide, 60 mL of standard solution containing 8.9 mM TSP, 81.5 mM imidazole, and 81.5 mM 
NMR peak area determination
A macro was written to process the FIDs using 0.5H z Lorentzian apodization and baseline corrected using the multipoint baseline correction option. Quantitative analysis of the peaks was carried out using 2 methods implemented in the ACD software. First, the peaks were fitted using the peak deconvolution with Lorentzian lineshapes. The second method used the intelligent binning integration protocol. The known concentration of TSP and formate were used as internal concentration standards.
Viability and functional assays
Media supernatants were analyzed at 48-hour intervals to monitor liver functions, specifically lactate dehydrogenase (LDH) leakage and urea production. To determine the number of live cells remaining in culture, LDH was quantified using a Vitros DT60 II chemistry system from Johnson & Johnson (New Brunswick, NJ). A standard curve was produced using a known number of cells in a 2-mL volume of medium, sonicating the cells, and measuring the LDH. Urea production was determined using a diagnostic kit purchased from BioAssay Systems (Hayward, CA). Briefly, a chromogenic reagent forms a colored complex specifically with urea, and the color is then measured at 520 nm using a BioTek microplate reader (Winooski, VT).
Metabolomic footprint and the empirical mass balance model
Metabolic pathway reconstruction was done by entering medium components into the KEGG or Brenda metabolomic databases (http://www.genome.jp/kegg/) generating connecting pathways. 4 Consumption and production rates were entered into the biochemical mass balance schematic representation of the metabolomic footprint. The metabolomic footprint was obtained over 15 days of culture, and different metabolic states were defined as a shift in the preferred carbon source from glucose to glutamine with a concomitant decrease in production of lactate, alanine, or both. This process of distilling quantitative changes in consumption and production rates to a simple biochemical schematic is the empiric model, which can be used to optimize operational parameters.
Microscopy techniques
The morphology of the cells in 2D cultures were examined using a Leica DMIL inverted phase-contrast microscope (Leica Microsystems GMbH, Wetzlar, Germany). Pictures were taken every other day, coinciding with medium changes. The BAL cultures were imaged as previously described. 23 Figure 2 is a 1 H NMR spectrum of the culture medium (middle) showing the various peaks representing compounds found in the medium. (See Fig. 2A legend for assignments.) The T 1 values of the various peaks in pure medium are shown in the plot on the top of Figure 2B . In general, the conditioned medium had lower T 1 values; this difference in T 1 values is shown at the bottom of the plot in Figure 2B . There is broadening of the TSP NMR signal that is likely due to the albumin concentration, because albumin binds TSP, decreasing its spin-spin relaxation (T 2 ) value. 18 Therefore, formate was used as a concentration standard, because it has been show not to be involved in nonspecific binding. 18 That the T 1 value did not change with the addition of albumin confirmed this. However, the T 1 value of formate in conditioned media decreases (Fig. 2B) , indicating that something created by the hepatocytes or extracellular matrix caused this decrease.
RESULTS
Further comparison of 1 H presaturation 1-pulse, 1D NOESY (T 1 -weighted) and CPMG (T 2 -weighted) resulted in similar values for peak areas using integration or deconvolution. As expected from the T 1 values shown in Figure 2B , the T 1 -weighted 1D NOESY decreased the TSP peak area. (See Methods for sequence parameters.) Overall, 1 H presaturation 1-pulse spectra with a 458 or 908 flip angle had the same signal-to-noise ratio for a given time. Because the hormonally defined or serum-supplemented medium contains one-tenth of the albumin as normal serum, the dramatic effects on TSP peak width observed with serum 18 were not seen with culture medium. The T 2 -weighted CPMG did not affect the quantification of TSP, and no detectable paramagnetic load was observed, as measured from citrate broadening. However, because of a potential effect on T 2 values caused by, for example, massive hepatocyte death causing increased iron load, the simple 1-pulse spectrum was chosen as the optimum pulse sequence. Therefore, a simple 1 H presaturation 1-pulse with 908 flip angle and 45-s repetition time (5 times the longest T 1 value) was determined to be the most-quantitative pulse sequence. Comparison of peak fitting (i.e., deconvolution) and manual integration resulted in less than 1% difference in concentration measured using well-resolved peaks. Figure 3 shows portions of two 1 H NMR spectra of medium from 2D cultures with just TSP and imidazole added (top) and formate, glucose, methionine, glutamic acid, alanine, and valine added (bottom). The aliphatic portion of 110 the 1 H NMR spectrum in Figure 3 (bottom spectrum) demonstrates that there are nearly undetectable levels of formate in the 2D media, and the 3D culture medium showed the same results. Figure 3 (bottom) is the same 2D medium sample shown in Figure 3 (top) but with known amounts of formate and the 5 analytes as described in the Methods section. In comparison with the theoretical values obtained from gravimetric measurement of the added analytes, glucose, methionine, glutamic acid, alanine, and valine had 1.8%, 6.6%, À4.6%, 2.2%, and 0.8% errors, respectively, as described in the Methods section. The broad peak down field (to the left) of glutamic acid has shifted down field. This peak is due to N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) and shifts with pH. A pH less than 6.5 is required to obtain a sufficiently flat baseline to obtain accurate measures of glutamine, which in this case is the reason for the negative error of this resonance. Glutamine (C4, 2.45 ppm) is also hampered by resonances up field, such as C3-pyruvate (2.36 ppm) and the multiplet of C4-glutamate (2.35 ppm), so setting the integration just inside the outermost up-field part of the multiplet also underestimates C4-glutamine. Methionine (2.14 ppm) co-resonates with C3-glutamine (2.13 ppm) and does not demonstrate sufficient peak separation at this field strength to be quantified.
One interesting finding demonstrating the inherent unbiased quantification of NMR spectroscopy was the serendipitous discovery of a dilution factor in the bioreactor medium from the first medium change, which the phosphate buffered saline (PBS) rinse procedure caused. As described in the Methods session, the bioreactor membrane was wetted with ethanol and then rinsed 2 times with PBS and once with medium before a final medium change prior to inoculation. The use of concentration standards immediately demonstrated an overall decrease of medium component concentrations. Figure 4 shows calculated viable cells according to values of the cumulative medium LDH, a measure of mortality, over the course of culture (15 days). In general, LDH activity was slightly higher in 3D BAL than in the 2D HTP NMR OF MEDIA 111 control culture. By measuring the LDH level of 7 aliquots of hepatocytes obtained from the same isolation used in the bioreactor experiments ranging in cell density from 65,000 cells/mL to 4.16Â10 6 cells/mL, a calibration line was developed to calculate the cell death for each 48-hour medium change (Fig. 5) . The summation of these LDH values was taken and used to determine the total viable cell number (Fig. 4B) and the percentage cumulative cell death (Fig. 4A ) based upon the equation determined according to the calibration plot (Fig. 5 ) and plotted for 2D and 3D culture (Fig. 4A) . These mortality values were used to calculate the consumption and production rates of the 2D and 3D culture as a function of viable cells rather than initial inoculation number. The primary difference between 2D and 3D cultures, other than dimensionality, was oxygen concentration, with 20% and 95% oxygen-gas mixture, respectively. Figure 6 displays the time courses of consumption rates of the major nutrients (glucose (Fig. 6A), pyruvate (Fig. 6B) , and glutamine (Fig. 6C) ) and the lactate production rate (Fig. 6D) for the 3D BAL and 2D control cultures. The glucose and pyruvate consumption rates were fairly similar in 2D and 3D culture systems throughout the 15 days of culture. Of particular interest is the difference between glutamine consumption rates and lactate production rates, because aerobic and anaerobic metabolism consume and produce, respectively, these nutrients. Glutamine enters directly into the TCA cycle as a-ketoglutarate. The 3D BAL 
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ceases to produce lactate by day 5, while continuously consuming glutamine throughout the culture period, indicating a shift to aerobic metabolism, with the TCA cycle dominating energy production. Alternatively, the 2D control has increasing production of lactate, demonstrating that the majority of the hepatocytes rely on anaerobic glycolysis. Figure 7 are the urea (Fig. 7A) and alanine ( Fig. 7B ) production rates in 3D BAL and 2D control cultures. Alanine production tracks urea production and will generate ammonia for the urea cycle. 25 After day 8 of culture, alanine is consumed. Alanine also tracks lactate production and is produced in conjunction with lactate during anaerobic glycolysis via transamination of pyruvate with glutamate. 25 Figure 8 are the ethanol concentration (Fig. 8A ) and acetate production (Fig. 8B) time courses for the 3D BAL and 2D control cultures. Ethanol is discovered in the 3D bioreactor via the membrane wetting procedure described in the Methods section. The middle hollow fiber is made of polypropylene and requires ethanol wetting to induce water permeability. There should be additional rinsing steps with PBS to wash out residual ethanol. The hepatocytes actively metabolize the ethanol to acetate using alcohol dehydrogenase and aldehyde dehydrogenase. There is a spike in acetate levels by day 7 in 2D control cultures. This could be due to ethanol metabolism, but the significantly higher acetate production rate in 2D cultures (0.6 mM/10 6 cells/hr) versus 3D BAL cultures (0.05 mM/10 6 cells/hr) even in the absence of detectable ethanol (Fig. 8) suggests additional processes at work. By day 3 of 2D cultures, any acetate leaching from the collagen; Matrigel TM had subsided to nearly undetectable levels (Fig.  8B) . Under normal physiological conditions, acetate accumulates during fasting because of the b-oxidation of lipids, resulting in 2 carbon units of acetate. The various other amino acids and nicotinamide did not change significantly over the course of the experiment.
DISCUSSION
Although previous NMR ''footprinting'' studies of cell culture have been performed, 1, 3, 8, [10] [11] [12] 17 this is the first example demonstrating the HTP, unbiased nature of NMR spectroscopic analysis especially for tissue engineering. Peak overlap of compounds can introduce errors that arise when concentration measurements are performed on spectra that may include contributions within a single visible peak that arise from 2 peaks superimposed on each other. Therefore, it is always necessary to check the binned regions of each spectrum to ensure that no contamination from undesired resonances occurs. Most metabolites display multiple peaks in different regions of the spectrum, allowing for selection of peaks, which can be used to determine concentration without the challenge associated with co-resonance. Two examples shown in Figure 3 are methionine, of which it was not possible to obtain accurate measurements because of co-resonance with C3-glutamine. 
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Alternatively C4-glutamine can be resolved if a sample pH less than 6.5 is used to resolve the down-field broad component due to HEPES, which affects the baseline. In addition, careful placement of the up-field integral boundary is important, otherwise, part of the multiplet gets clipped, underestimating the measurement.
Sample contamination, macromolecular content, pH, and paramagnetic strength causing perturbations on peak area and chemical shifts may also challenge accurate concentration measures. 26 These multivariate aspects of quantitative NMR makes the choice of a concentration standard difficult. A recent study analyzing media from a human cell-line, HepG2, showed the presence of significant amounts of formate, which was used as a concentration standard in the present study. 11 Formate was not detected in the medium samples from our 2D and 3D primary human liver cultures (Fig. 3) . This could be due to their addition of serum to their medium which contains formate, upregulation of 1-carbon metabolism in the transformed human HepG2 cell line, or the extra medium processing that was performed in this study, which used a methanolchloroform extraction of the medium before analysis. The difference between deconvolution and manual integration in measured concentrations for select compounds was less than 1%. Therefore, batch integration with manual selection of an integral region applied to all samples simultaneously was used. The observed difference between these two methods of concentration quantification is consistent with reported best practices. 27 In combination with the use of a robotic sample changer, batch-binned spectra resulted in a HTP methodology, allowing for multiple samples to be processed rapidly in a reproducible manner without the A primary obstacle in tissue engineering is the inability to use the most common analytical tool of the cell biologist, the microscope, because of the opaque properties of the artificial materials used in tissue engineering. 22, 28 Therefore, the indirect characterization of tissue function through cell culture medium analysis is the primary means for tissue engineers to demonstrate bioartificial organ functions. The HTP 1 H NMR method of medium analysis results in an unbiased metabolomic ''footprint,'' leading to well-informed tissue engineering optimization. The method permits quantitative analysis of extracellular milieu in constant contact with the cell culture, which is converted to production or consumption rates. Although the rates shown herein have been used for years in biochemical engineering, 29 entering these data into a simple biochemical scheme is rarely done and permits easy interpretation of the complex metabolomic footprint results. This basic bioenergetic scheme of metabolism converts relative mass balance results derived from the consumption and production rates to the thickness of arrows along with the rates within the biochemical network, giving a rapid overview of carbon flow in the bioreactor, similar to other macrokinetic models. 29, 30 Systemic metabolic changes were evident over the time course of the experiment. In particular, Figure 9 is a biochemical schematic representation incorporating the consumption and production rates of the 2D and 3D culture   FIG. 9 . Metabolic scheme for 3D bioreactor (A) and the metabolic scheme for 2D control cultures (B). HTP NMR OF MEDIA systems across the 2-week period. Initially for the 3D BAL (Fig. 9A) , the primary energy source was glucose (Fig. 6A) . The bioreactor system appeared to be less reliant on glutaminolysis for energy during this initial week of culture (Fig. 6C) . Glutamine is the primary carbon source for energy in transformed cells in culture. 31 There was less build up of lactate, which in conjunction with glutaminolysis indicates aerobic metabolism (Fig. 6D) . However, ethanol was discovered in the medium (Fig. 8A) , which is likely an artifact of the initial bioreactor membrane wetting process. Therefore, this high concentration of ethanol in the medium complicates the details of metabolism.
Ethanol is known to form acetate through the combined actions of ethanol dehydrogenase and aldehyde dehydrogenase. Acetate build-up also mimicks the starved state, whereby fatty acids undergo b-oxidation, increasing the mitochondrial acetate concentration. 25 High mitochondrial acetate concentrations inhibit pyruvate dehydrogenase and increase the activity of pyruvate carboxylase, resulting in glucose-derived pyruvate forming oxaloacetate rather than acetyl-CoA. 32 This inhibition of pyruvate metabolism by ethanol may have been the cause of the decrease in glucose consumption during this period, because ATP, which would be sufficiently supplied by acetate metabolism, inhibits hexose kinase. 31 In addition, urea production was elevated during this period (Fig. 7) , indicating an abundance of ammonia present, likely due to transamination reactions. The increased glucose-derived intracellular pyruvate due to pyruvate dehydrogenase inhibition by ethanol-derived acetyl-CoA would drive the formation of alanine and could be the reason for increased alanine production. In whole animals, glucose is limited unlike the nonphysiological culture conditions inherent to ex vivo culture, and alanine becomes depleted in the liver. 33 In the presence of acetate and alanine, pyruvate is shunted toward gluconeogenesis, 33 but isotope tracer studies are required to confirm whether gluconeogenesis is upregulated because of elevated ethanol-derived acetate levels.
During the second phase of the 3D BAL metabolomic footprint (Fig. 9A) , the primary energy sources were glucose and glutamine ( Fig. 6A and C) . There was no accumulation of lactate, indicating aerobic glycolysis (Fig. 6D ). Ethanol and acetate had disappeared from the medium by day 7 (Fig. 8) , and glucose consumption increased, which would ultimately produce intracellular pyruvate. As discussed above, without isotope tracer data, the apparent increase in glucose consumption could be real or simply a decrease in gluconeogenesis. This could explain why pyruvate remained elevated in the medium and the apparent pyruvate consumption decreased. In addition, urea production diminished during this period (Fig. 7A) .
The primary energy source for the 2D cultures proved also to be glucose (Fig. 9B ) over the first 3 time points, on days 1-5 of culturing (Fig. 6A) . Lactate production during this initial phase of the study was higher than in the 3D bioreactor, which is indicative of anaerobic metabolism. Again, ethanol was discovered in the medium (Fig. 8) due possibly to the sterilization process of the culturing hood using an ethanol spray during media changes. Some medias contain ethanol-dissolved dexamethazone, but ours does not. However, more likely is that lipids accumulated as the result of cell debris in the culture dish. Metabolism of these membrane breakdown products by the surviving hepatocytes could result in high acetate levels. In addition, urea production was observed to be nominally above the level of detection during this period (Fig. 7A) , although transamination reactions were active, as indicated by production of alanine (Fig. 7B) . Alanine formation from pyruvate is considered to be an ammonia detoxication in the absence of the urea cycle. 25 Although glucose was the principal carbon source during the second phase of the 2D culture footprint (Fig. 9B) , unlike in the bioreactor, anaerobic glycolysis dominated, with massive production of lactate (Fig. 6D) . Similar to the 3D BAL, ethanol and acetate concentrations diminished over time in the 2D culture (Fig. 8) . Urea production was consistently low (just above detectable limits) throughout both phases of the 2D culture study (Fig. 7A) , whereas alanine production, although erratic, was on average greater than that observed in the bioreactor.
In both 2D and 3D cultures other amino acids in the medium, such as valine, leucine, isoleucine, tyrosine, histidine and phenyl alanine were minor carbon sources relative to glucose and glutamine, unlike a recent study of a 3D human bioartificial liver. 34 This study demonstrates the power of unbiased NMR spectroscopic analysis of culture media for metabolomic phenotyping and experimental quality control in tissue engineering. 29 NMR will detect all of the most abundant metabolites in the medium with sufficient concentration. With the NMR instrumentation used in this study, 400 MHz, the limit of detection was near 100 mM for a well-resolved peak. The unbiased analysis results in the discovery of unexpected metabolites, such as ethanol and acetate. Standard chromatography or spectroscopic methods would not have detected ethanol and its hepatic metabolite acetate.
Critical to the success of this type of study is the use of hormonally defined medium 22 rather than medium using calf serum or other blood products as medium supplements, because such serum-based products cannot offer consistent or reliable knowledge of medium additives without additional testing. This lack of reproducible initial conditions associated with classic serum-enriched culture media prevents precise measurement of consumption and production measures from culture systems, thus illustrating the significant advantage afforded by hormonally defined media in metabolomic studies.
Metabolomic interpretation of these data can be used to improve experimental conditions, specifically, oxygen concentration of the mixed gases, microenvironmental heterogeneity, and experimental oversights. The most obvious experimental difference that resulted in metabolic effects was oxygen tension. In 3D culture systems, 95% oxygen is used, versus 20% oxygen (i.e., air) in the 2D culture system. Quality 116 assurance concerns that were identified included ethanol rinsing of the bioreactor, technician effects, and evaporation associated with the use of dry gases in the 3D BAL. Other areas of tissue culture quality monitoring this method may serve include detection of low-level contamination by yeast or bacteria, medium composition consistency, and medium component stability. Human hepatocytes cultures are precious, and this HTP 1 H NMR method of analyzing culture media can be used to obtain near real-time readings of metabolism, allowing for more-rapid optimization or real-time modification of long-term tissue-engineered culture conditions.
